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Building sector accounts for a significant part of total energy consumption. In Europe, almost 40% of energy use is by residential and commercial buildings. 1 Space conditioning accounts for 40% to 60% of building energy end use in European countries. In the USA, the use of heating, ventilating, air-conditioning (HVAC) systems contribute to 50% of energy use in buildings which is about 20% of their total energy consumption. 2 In Middle East, over 70% of building energy is consumed by cooling systems. 3 China, as one of the biggest developing countries, has even more striking data. From 1996 to 2012, the building energy use in China has grown from 259 million ton of standard coal equivalent (Mtce) to 690 Mtce. No doubt the worldwide energy demand of buildings will continuously increase in the near future due to the development of economy and rise of occupants' comfort demand.
Various techniques have been implemented to improve the building energy efficiency. Traditional air-conditioning methods, such as heat pumps and boilers, are mostly active strategies. They have been developed for more than one century. Recent progresses include optimized cycle design and advanced cycle elements (e.g. working fluid). In addition, the improvement of compressor technology and hybrid system contributes to the efficiency of heat pumps. 4 However, active strategies are faced with some insurmountable limitations. The coefficient of performance (COP) of a heat pump can hardly exceed 6, while the combustion efficiency of a boiler is definitely lower than 100%. The energy use of active strategies could be kept at a high level mainly because they directly consume high-grade energy such as electricity and fossil energy. Actually, the use of heat pump and boiler in HVAC is to overcome a relatively large difference between indoor and outdoor temperatures (e.g. 10 C in summer and 20 C in winter). Inevitably, this would lead to relatively low energy efficiency of the whole system.
The radiant heating and cooling (RHC) systems have gained popularity due to their contribution to a higher thermal comfort of building occupants and lower energy use. 5 RHC systems are energy efficient because they are able to utilize the hightemperature cooling and low-temperature heating.
Nevertheless, most RHC systems still require heat pumps or boilers for cooling or heating with a consumption of considerably high-grade energy. The small cooling/heating intensity and slow system response could also limit the wider application of RHC systems in buildings.
Passive strategies are more energy-efficient technologies for application in buildings. These have a much longer history associated with their use in buildings than active strategies. Early passive technologies, such as cave dwellings, kang, 6 hypocaust, etc. existed more than thousands of years. Now many people in the building design profession are focusing on passive strategies such as sun shading, insulation, interior garden, water features, atrium space, natural ventilation, 7 etc., for reducing thermal load in indoor environments. The performance criteria for passive buildings in China have been discussed by Xu et al., 8 previously. Improving the thermal resistance of an envelope is crucial to reduce the building energy use. Up to now, increasing the thickness of insulation layer is still one of the most common approaches to improve the thermal performance of a wall. Since the 1970s, the thickness of insulation has doubled in northern Europe. 9 Thick envelopes, however, would increase investment and require additional materials and building areas, and would be difficult to apply in high-rise buildings. The renovation of the insulation materials may be a problem because their life expectancy is shorter than that of the building. The fire safety of insulation materials could also limit their application. In addition, the thermal insulation integrated with walls would have a high risk of condensation in humid and cold regions. 10 An over-insulated wall could increase the building cooling load because it has a negative impact on the heat dissipation of envelope when ambient environment is temperate. For example, in summer nights, the outdoor temperature may be lower than the room temperature, meanwhile the sky temperature may be even much lower. Good insulation materials would reduce the heat loss in those conditions and most internal heat load would have to be conditioned by heat pumps. Thus, as shown in Figure 1 , the ideal thermal resistance of an envelope should vary with the difference between indoor and outdoor temperature. A good insulation is required only when the temperature difference is large. However, the conflict is that the outdoor temperature could fluctuate all year round, whereas the thermal characteristics of an envelope could not vary as flexibly. Unfortunately, we cannot produce insulation material which could change its thermal performance based on the ambient temperature economically up to now.
Besides walls and insulations, the innovation related to glass envelopes is also essential for passive strategies, especially considering that large glass fac¸ades have become more and more popular all over the world. Insulation and shading are the weaknesses of the traditional glass envelopes. To solve these problems, the glazing and coating techniques have been progressing significantly in recent years. Inert gas-filled glazing, vacuum glazing, aerogel glazing and multilayer glazing have been developed to improve the insulation of glass. Low e-coatings are applied to most glass fac¸ades to control the solar heat gain. A triple vacuum glazing with the heat transmittance of lower than 0.2 W/(m 2 K) has been achieved. 11 However, similar to the situation of walls, the insulation and shading performance of glass have a better variation with weather. Solar radiation should be avoided in summer but is beneficial in winter. A switchable reflective glazing has been proposed, which is able to change the optical properties of glass by the principle of electrochromics or gasochromics. However, this technology is still too expensive to be used in buildings and its life cycle is relatively short. Shading devices can provide a supplement benefit to the shading provided by the glazing. The application of exterior shading is limited mainly due to architectural concerns related to the appearance and complicated maintenance. Interior shadings such as curtains could delay the solar heat gain instead of removing it. Thus, its energy saving effect is insufficient really for our consideration. The mid-pane shading is a better way for protection against the sun irradiation and heat gain. The blinds in this system are arranged between the cavity of a double-glazed window. 12 Solar heat is blocked in the cavity, some would dissipate to the outdoor environment while some could still be transferred into the room eventually. Hence, this kind of shading device could reduce solar heat load compared to interior shading. However, unlike the interior shading, the temperature of mid-pane shading is higher because it cannot be directly cooled down by the cool indoor air. The warm shading device may cause radiant temperature asymmetry in the occupied space. The well-known double skin fac¸ade (DSF) is a type of ventilated midpane shading. Although DSF systems are energy saving compared to traditional glass envelope, the air temperature in the cavity could increase due to the solar radiation. When applied to hot summer area (e.g. outdoor temperature is 35 C), the temperature in the DSF cavity could be over 40 C. Natural ventilation is another passive technology commonly used. However, it is dependent on the ambient environment, such as the wind speed, air temperature, etc. If there is too much moisture in the ambient air, ventilation may bring moisture into the conditioned space and could cause discomfort to building occupants in summer. In addition, there is poor guarantee of indoor environment when ventilation is not available or the temperature difference between indoor and outdoor is small.
Since active strategies and passive strategies have their own advantages and disadvantages, neither of these can replace the other. In order to utilize the advantages of both strategies, more and more passive strategies are combined with active strategies, or utilized in an active way. For example, hybrid ventilation could combine with natural ventilation and mechanical ventilation and these have been widely applied in different kinds of buildings in different climate zones. However, there is only one way for these systems to utilize natural energy, i.e. the dry-bulb temperature of ambient environment. In fact, we have different kinds of natural energy in nature, such as the outdoor drybulb temperature, wet-bulb temperature, dew-point temperature, soil temperature and water (e.g. rivers, lakes and sea) temperature. Traditionally, they are not capable of dealing with indoor cooling or heating load directly. However, they are adequate for removing a part of the heat load because that the temperature of indoor environment is usually non-uniformly distributed. For example, in cooling season, the temperature of concrete floor slabs and envelopes can be higher than the room temperature. Therefore, the utilization of natural energy is possible to cool these places and reduce heat gains.
Recently, there have been much research/design focus on thermally activated building systems (TABS) which make use of free cooling/heating by embedding pipes or ducts into ceilings or floors. At the beginning, such kind of idea is used for night ventilation. 13 Later, the utilization of TABS has been progressed into application into pipe-embedded envelopes (PEEs), where cooling pipes are arranged in the external envelope and are used for removing sensible heat gain in the envelope by utilizing low-grade energy sources. [14] [15] [16] The sketch of a PEE system is illustrated in Figure 2 , taking summer condition as an example. 16 Building envelopes are different from floor slabs, their temperatures are usually higher and themselves could also be heat sources. Compared with TABS, even warmer water can be employed in PEE systems. The external load can be removed directly. Based on the effective evaluation of a pipe-embedded wall integrated with cooling tower, 17 the PPE system has been illustrated to be able to eliminate the heat gain through walls and could also provide additional cooling for the room in cold and dry regions such as in Beijing. Cooling pipes can also be built in the venetian blinds of shading devices to take away the solar heat gain. A case study showed that the temperature of a sealed double-glazing window could be reduced from over 50 C to 25 C by incorporating embedded pipes. 18 The seasonal energy saving rate of a pipe-embedded DSF is higher than 20% in most climatic zones. 19 In addition, PEE systems are also effective in winter by the same principle of using low temperature water for heating. Geothermal energy or other waste heat can be used to heat the envelope. In Beijing, 84% of the heat loss through walls can be reduced by PEE systems. 20 The above development shows a very interesting phenomenon that utilizing natural energy in an active way could greatly reduce the cooling/heating load for active systems. This finding has encouraged us to think what kind of strategy should be used for enhancing building energy efficiency in the future. Obviously, pure active technology could result in great energy consumption and pure passive technology would produce poor guarantee of indoor environment. Therefore, in conclusion, we believe that the direct utilization of natural energy in an active way and a combination of utilizing natural energy and active technology are promising for both energy saving and good guarantee of indoor environment. 
